The form of solid phase U after Fe(II) induced anaerobic remineralization of ferrihydrite in the presence of aqueous and absorbed U(VI) was investigated under both abiotic batch and biotic flow conditions. Experiments were conducted with synthetic ground waters containing 0.168 mM U(VI), 3.8 mM carbonate, and 3.0 mM Ca 2+ . In spite of the high solubility of U(VI) under these conditions, appreciable removal of U(VI) from solution was observed in both the abiotic and biotic systems. The majority of the removed U was determined to be substituted as oxidized U (U(VI) or U(V)) into the octahedral position of the goethite and magnetite formed during ferrihydrite remineralization. It is estimated that between 3% and 6% of octahedral Fe(III) centers in the new Fe minerals were occupied by U(VI). This site specific substitution is distinct from the non-specific U co-precipitation processes in which uranyl compounds, e.g. uranyl hydroxide or carbonate, are entrapped with newly formed Fe oxides. The prevalence of site specific U incorporation under both abiotic and biotic conditions and the fact that the produced solids were shown to be resistant to both extraction (30 mM KHCO 3 ) and oxidation (air
Introduction
Hazardous levels of uranium in soils, sediments, and waters are present throughout the world as a result of natural deposits, mining activities, and nuclear weapons production. Uranium speciation is dominated by two oxidation states with markedly different properties.
Uranium(VI), as the uranyl ion UO 2 2+ , is the thermodynamically stable form of U in solution under oxic conditions. Uranyl adsorption onto solids such as Fe (hydr)oxides can be appreciable, but the process subject to changes in aqueous conditions and largely reversible [1] [2] [3] [4] [5] . In particular, CO 3 2- , especially in combination with Ca 2+ or, to less extent, Mg 2+ , suppresses adsorption (or enhances desorption) and increases mobility of U(VI) [1, [6] [7] [8] [9] [10] [11] .
Because reduction of U(VI) to U(IV), which forms the sparingly soluble solid UO 2 (uraninite), also decreases dissolved U concentrations, appreciable research has been devoted to understanding and exploiting this process for remediation purposes [12] [13] [14] [15] . However, the extent of U(VI) bioreduction decreases dramatically and its tendency to reoxidize increases by coupled complexation with CO 3 2- and Ca 2+ [11, [15] [16] [17] [18] [19] . Furthermore, common oxidants, ranging from Fe(III) to NO 3 to O 2 , can reoxidize microbially produced UO 2 [19] [20] [21] [22] . Thus, although large quantities of soluble U(VI) can be (temporarily) bioreduced and immobilized as UO 2 , maintaining a high concentration of reduced U over the long-term (decades to centuries) remains technically challenging.
Alternatively, U has been shown to coprecipitate with Fe in many environments and over a wide range of time scales including: Egyptian Fe deposits, 150-4100 ka Hawaiian soils, Fe nodules down gradient of the Australian Koongarra U deposit, and the DOE Oak Ridge site (where uranium bearing goethite was identified) [23] [24] [25] [26] . Investigations of U(VI) reaction with Fe(0) provide further evidence for the importance of the iron co-precipitation pathway for the uptake of U [27] . Infrared analysis indicates U associated with Fe (hydr)oxide corrosion products is probably co-precipitated as a U-Fe (hydr)oxide phase [27, 28] . Thus, both field and laboratory studies indicate that co-precipitation of U(VI) with crystalline Fe oxides formed during biotic or abiotic transformation of Fe (hydr)oxides maybe a natural attenuation pathway that can be stable on geologic time scales. However the details of this process and of the products formed are largely unknown.
In many of the studies described above, U is co-precipitated as distinct uranyl (UO 2 2+ )
phases, e.g. uranyl hydroxide or carbonate, entrapped by the host Fe oxide. However, there is also evidence of a site specific incorporation of non-uranyl oxidized U into the Fe oxides. Duff, et al. [29] reported the incorporation of U(VI) as U 6+ during laboratory synthesis of hematite (albeit under elevated temperatures, 70 0 C). Herein, we determine whether this site specific substitution of U into Fe oxides can be achieved during the abiotic and biotic Fe(II) catalyzed recrystallization of the amorphous Fe oxide ferrihydrite. The experimental conditions approximating field environments were employed to determine if site specific U substitution could be a significant natural process. showed 64% ± 6(CL 95 ) removal of the absorbed U. A portion of each solid was digested with concentrated trace metal grade HCl to quantify total uranium, iron, and calcium (ICP-OES).
MATERIALS AND METHODS

Uranium(VI) Incorporation Experiments
Column Design and Flow Conditions
The flow experiment was conducted using a plexiglass column packed with ferrihydritecoated sand and inoculated with dissimilatory iron reducing bacteria (Shewanella putrefaciens CN32) that were supplied with anaerobic synthetic groundwater containing 0.168 mM U(VI) (as uranyl acetate), 4 mM Ca 2+ , 3 mM lactate, and buffered at pH 7 with 3 mM bicarbonate. The column was operated for 16 d at a flow rate of approximately 3 pore volumes per day, equivalent to a pore water velocity of ca. 0.6 m d -1 and under conditions that allowed for significant Fe reduction and biomineralization while preventing U reduction (as verified by U XANES) through complexation with Ca 2+ and carbonate [17] . Upon harvesting, solids were divided into four subsamples based on distance along the flow path: 1.5 to 5.0 cm, 5.0 to 10.5 cm, and 10.5 to 14.5 cm, and 14.5 to 17 cm. Solid phase analysis was conducted as described above, except that they were not extracted with 30 mM KHCO 3 .
Solid Phase Analysis
The solid Fe speciation was determined by linear combination fitting of Fe EXAFS data as used previously [30] and described in more detail in the Supporting Information. Uranium EXAFS scans were processed using the computer programs Athena [6, 31, 32] , SixPACK [33] , and Feff7 [34] (Supporting Information). The conceptual physical model of uranium in these systems consists of three components: uranium is either i) adsorbed to Fe (hydr)oxide surfaces, ii) incorporated into Fe (hyrd)oxide structure, or iii) reduced to U(IV) as UO 2(s) . From these three physical scenarios, four crystallographic models were constructed. One describes surface adsorption of U(VI), two describe a mixture of adsorption and incorporation under slightly different conditions, and the fourth describes reduced uranium as UO 2 . These fitting models were compared to the data and were found to provide good fits. Details of the fitting models are presented in Supporting Information, Tables S1-3.
The Adsorbed model was constructed from previously published results of U adsorption onto Fe (hydr)oxides [1, 3, 5, 6, 35] . It consists of an axial O shell containing two atoms, a split equatorial shell containing four shorter and two longer U-O bonds, a carbonate shell, and an Fe shell.
The Adsorbed and Incorporated model 1 consists of two sub-models and includes all paths from the Adsorbed model other than the Fe shell which was removed, and the carbonate shell which was increased from 2 C to 3 C's per U. In addition, the model includes the paths expected from U substituted for Fe in a goethite or magnetite structure. The additional paths for the Incorporated portion of the model were generated by taking the crystallographic data for goethite or magnetite [36] and substituting Fe with a U atom. In magnetite, the octahedral Fe was replaced with U. The coordination numbers (CNs) within the sub-models were constrained to ideal values based on either known crystal structures [32, 36] or previously published models [1, 3, 5, 6, 35] . The Debye Waller factors (σ 2 ) were grouped by distance from the central atom and identity of the scattering atom. Because of the similarity of the octahedral site in goethite and magnetite, a single first shell oxygen distance was used for both incorporated sub-models.
The Adsorbed and Incorporated model 2 is identical to the model 1 except that the split equatorial oxygen shell for adsorbed U was consolidated into a single shell containing six oxygens. All three of these models include the appropriate multiple scatter paths (MS) for the axial O's associated with the UO 2 2+ ion as well as for the octahedral O site in the Fe oxides.
CN's, R's, and σ 2 s of the MS paths are constrained to ideal values based on the appropriate single scattering path.
The Reduced model consists of the O and U scattering paths expected for UO 2(s) . Unlike the previous models, the CNs and σ 2 s were allowed to vary freely in this model. In all cases, the total amplitude (S 0 2 ) was set to 0.9, while the energy offset (E 0 ), the appropriate CNs, and the bond distances were allowed to vary.
X-ray microprobe data were collected at the GSECARS beamline 13-ID at the Advanced Photon Source (APS) using standard data collection and processing approaches as described in the 
RESULTS AND DISCUSSION
Abiotic U(VI) Incorporation
Aqueous Phase
At circumneutral pH, Fe(II) induces ferrihydrite transformation to goethite (or lepidocrocite) at low Fe(II) loadings and magnetite at high loadings [37] ; for the conditions used here, reaction with 3 mM Fe(II) results in goethite formation and magnetite with 10 mM Fe(II). Figure S1 .
Solid Phase
Linear combination fitting of iron EXAFS spectra show that addition of Fe(II) induced changes in Fe mineralogy (Supporting Information: Given the small percentage of U incorporated into magnetite even trace amounts of magnetite, i.e. below the Fe EXAFS diction limit, would be sufficient to accommodate this amount of U.
After extraction with 30 mM KHCO 3 the characteristic features of the incorporated U can more easily be distinguished (Figure 2 , Table 2 (Figure 2 , Table 2 ) indicating that the incorporated U is unaffected by changes in redox conditions. Interestingly, there is a small decrease in the 2.42 Å peak (indicated by arrows, Figure 2C and D) and a corresponding decrease in the CN associated with the Fe shell for U incorporated into magnetite, consistent with the oxidative dissolution of magnetite. However, the change is minor and within the associated error estimates (0.9 ± 0.5 verses 0.8 ± 0.4). 
Biotic Flow Experiments
Aqueous Phase
To determine if the U incorporation mechanism identified above is operable under more field relevant conditions, we conducted a biological reduction experiment under flow conditions. Iron(II) production increases steadily throughout the experiments, but always 
Solid Phase
The biogenic iron products vary along the column length, with magnetite production being maximal at 12.5 cm, driven by greater Fe(II) concentrations in this section, Figure 3 [37]. The concentration of solid phase U shows a similar profile to biogenic magnetite, peaking at 12.5 cm, and since no reduction of U was observed by U XANES [17] , suggests that U incorporation is also operable in the biotic flowing experiment. The lack of U reduction in the biotic systems as compared to the abiotic systems is likely due to the fact that the maximum Fe(II) concentration in the column is a fraction of that seen in either of the abiotic treatments. Adsorption of U onto fine grain biogenic oxides could present an alternative explanation for the correlation between magnetite formation and solid state U; however, U adsorption studies using Fe oxides containing 0 to 57% biogenic magnetite revealed no or perhaps a slightly negative correlation between U uptake and solid phase biogenic magnetite concentration (Supporting Information Table S5 ).
Elemental maps of Fe and U distribution from the 12.5 cm section confirm the strong spatial correlation expected between U and Fe (Supporting Information). In addition, a linear combination reconstruction of a µ-XANES spectrum taken at a U hot-spot using Incorporated U, Sorbed U, and reduced U (UO 2 ) as standards indicates that ~32% of the U in this location is incorporated into Fe oxides with the remainder adsorbed to oxides surfaces. There was no % Magnetite % Goethite mmol U kg-1 evidence of U(IV). TEM images, complimented with EDS analysis of these same solids, confirm the presence of magnetite with high concentrations of U, U/Fe mole ratios raging from ~2-5% (Supporting Information). Lastly, solids from the 3.25 cm and 12.5 cm sections of the column were magnetically separated and analyzed for Fe and U. In both cases, the magnetite fraction showed an increased U/Fe ratio over the bulk material from the same location, 5.6% verses 2.0%, respectively, for the 1.5 to 2.5 cm section, and 4.1% verses 2.8%, respectively, for the 8.5 to 13.5 cm section, further confirming the importance of the U substitution into magnetite.
Structural Constraints on Incorporation
The reported E 0 values for the incorporated treatments lie in the range expected of compounds containing U(V) or U(VI). Farges, et al. [38] determined that, unfortunately, there is no systematic difference in the XANES edge position between known U(V) and U(VI) containing compounds. However, using the valence bond parameters of Burns et al. [39] and the incorporated U-O octahedral bond lengths (Table 2) Increased structural charge resulting from substitution of U(VI) or U(V) for an Fe(III) must be accommodated either through cation vacancies, decreased protonation, or increased surface adsorbed anions. In the case of magnetite, cation site vacancies, similar to those in maghemite (γ-Fe 2 O 3 ), could serve to maintain the charge balance. An increase in vacancies was similarly observed upon incorporation of As(V) into the magnetite structure [40] . In addition, the deprotonation of hydroxyl groups in goethite or the reduction of near neighbor Fe(III) centers could offset the charge imbalance in goethite. However, in spite of these mechanisms, it is likely that the incorporated U center creates significant local structural distortion and that there is an upper limit to the amount of U that can be substituted into any Fe structure. However, based on the 4.1 to 5.4% U/Fe from the magnetite extractions and the 2-5% U/Fe from the TEM-EDS, this value is relatively high imply that incorporation into Fe oxides could be a significant sink for oxidized U.
The results reported here identify incorporation of U into Fe oxides as a process by which appreciable quantities of U may be sequestered under conditions where Fe (hydr)oxides are transforming to more crystalline phases. Incorporated U's resistance to both carbonate extraction and air oxidation implies that it could potentially to be stable over long time periods. If so, such a process could help to explain the strong, and long lasting, associations of U with Fe oxides in surface and subsurface environments.
